A is a hydrophobic nonlantibiotic bacteriocin that is detected early in the growth cycle of Carnobacterium piscicola LV17A and encoded b y a 49 MDa plasmid. The bacteriocin was purified using hydrophobic interaction Edmonton, Alberta, Canada T6G 2P5
INTRODUCTION
The lactic acid bacterium Carnobacterizmz piscicola LV17, isolated from the adventitious microflora of vacuumpackaged meat as an ' atypical Lactobacilh-type ' organism (Shaw & Harding, 1984) , produces heat-stable bacteriocins that are detected early in the growth cycle (Ahn & Stiles, 1990a, b) . The parent strain contains three plasmids. Separation of the plasmids revealed that ' early ' bacteriocin production is mediated by the 49 MDa The GenBank accession number for the sequence reported in this paper is U3112.
plasmid (Ahn & Stiles, 1992) . Bacteriocins are proteinaceous, antimicrobial compounds that typically inhibit closely related bacteria (Klaenhammer, 1988) . Nisin A produced by Lactocooccns lactis subsp. lactis has been extensively studied and is used commercially as a food preservative (Delves-Broughton, 1990 ), but its applications are limited by its insolubility and instability at pH > 5. Interest in the use of bacteriocins for food preservation has increased with the discovery of many new active compounds produced by lactic acid bacteria (Klaenhammer, 1988 ). Some of these have been extensively characterized to reveal new ' classes ' of bacteriocins, including heat-stable, low molecular mass, hydrophobic nonlantibiotic compounds : lactacin F from Lactobacillzis acidopbilzls (Muriana & Klaenhammer, 1991) ; lactococcin A from Lactococcus lactis subsp. cremoris (Holo et al., 1991) ; leucocin A-UAL187 from Leuconostoc gelidum (Hastings e t al., 1991) ; mesentericin Y 105 from Letlconostoc mesenteroides subsp. mesenteroides (HCchard e t al., 1992) ; pediocin PA-1 from Pediococcm acidilactici (Marugg e t al., 1992 ; Lozano e t al., 1992) ; and sakacin A from Lactobacillus sake (Holck e t al., 1992) . All of these compounds, except for mesentericin Y105, have been shown to be ribosomally synthesized with an N-terminal extension to the structural peptide that is cleaved at a peptide bond adjacent to a common Gly-Gly (-2, -1) site.
Elucidation of the amino acid sequences of the widely reported pediocin PA-1 /AcH (Motlagh et al., 1992; Henderson et al. , 1992 ; Lozano e t al., 1992) revealed that these bacteriocins are the same compound. Exceptional similarity exists between leucocin A and mesentericin Y 105, despite the different sources of the producer strains. They consist of 37 amino acids with variation only in amino acid residues 22 and 26, yet the activity spectra are strikingly different (Hastings et al., 1991 ; HCchard et al., 1992 ; Y. Cenatiempo, personal communication) . Similarly, there is considerable homology between the first 20 amino acids of leucocin A, pediocin PA-1, sakacins A and P, and curvacin A (Hastings e t al., 1991 ; Marugg e t al., 1992; Holck et al., 1992; Tichaczek e t al., 1992) . Many other bacteriocins may possess analogous sequences but lack of structural characterization limits the information that can be interpreted from reports of their occurrence. Complete elucidation of the amino acid sequence and the genetic determinants of bacteriocin activity can provide insight into the structure and function relationships and modes of action of these compounds. It is also a prerequisite for determination of three-dimensional structure by NMR spectrometry (Henkel et al., 1992; Sailer e t al., 1993) . In this study we describe the characteristics of carnobacteriocin A produced by Carnobacteritlm piscicola LV17A, including the complete amino acid sequence and the nucleotide sequence for the structural gene involved in synthesis of this bacteriocin.
METHODS
Bacteriology. The bacteriocin-producing organism C. piscicola LV17 was identified as a nonaciduric ' Lactobacillus' isolated from vacuum-packaged meat by B. G. Shaw (AFRC Institute of Food Research, Langford, Bristol, UK). The parent strain contains three plasmids (Ahn & Stiles, 1990b) . Strains LV17A and LV17A. 17 are bacteriocinogenic (Bac+) and contain the 49 MDa plasmid or a 17 MDa religated BglII fragment of pCP49, respectively (Ahn & Stiles, 1992) . Production of bacteriocin was monitored against C. divergens LV13 (from B. G. Shaw) by a spot-on-lawn technique (Ahn & Stiles, l990b) . Cultures were stored in Cooked Meat Medium (Difco) at 4 O C and at -70 O C in APT broth (Difco) at pH 6.5 containing 20 % (v/v) glycerol. Stock cultures were subcultured in APT at 25 O C on two successive days before use in an experiment. Growth of C. piscicola LV17A for bacteriocin purification was done in semidefined medium (CAA) as described by Hastings e t al. (1991) . Eschericbia coli strains were grown in Luria-Bertani (LB; Sambrook e t al., 1989) broth or agar at 37 OC, and stored at -70 "C in LB broth with 20 % glycerol. The bacterial strains and plasmids used in this study are listed in Table 1 .
Purification of carnobacteriocin A. The procedure was adapted from Sailer et al. (1993) . The producer strain was grown at 25 O C in 2 litres of CAA adjusted to and maintained at pH 6.2 with sterile 1 M NaOH using a pH stat (Chem-Cadet, Cole Palmer) while being stirred gently under a steady flow of nitrogen (40 ml min-l). After 16 h (NaOH consumption 150 ml) the supernatant fluids were collected by centrifugation at 8000 g for 20 min at 4 "C. The culture supernatant (2150 ml) was applied directly to an Amberlite XAD-8 column (4.5 x 45 cm; BDH Chemicals) washed with 2 litres of 0.1 YO trifluoroacetic acid (TFA), and eluted with successive 1 litre volumes of 20, 30, 45 and 80% (v/v) ethanol in 0.1 % TFA. Active fractions were combined and concentrated to 30 ml using a rotary evaporator at 30 OC, mixed with the same volume of acetonitrile (MeCN) and loaded onto a Sephadex LH-60 column (5 x 25 cm) that had been equilibrated with 50% (v/v) MeCN in 0.1 % aqueous TFA. The active fractions were pooled and concentrated to 5 ml by rotary evaporation. The concentrate was applied in 0.5 ml portipns to a C, HPLC column (VYDEC, 10 x 250 mm, 10 pm, 300 A, flow rate 3 ml min-l, mobile phase: A, 0.1 YO TFA in water; B, 70 YO acetonitrile in 0.1 YO TFA) and eluted using a gradient method: first 43 YO to 54 YO B solvent in 4 min and then 54% to 61 YO B in 7 min. Fractions were monitored for absorbance at 218 nm and activity against the indicator strain. Purifications of separated active peptides were completed by isocratic elution on the same column (flow rate 3.5 ml min-l, in 46%, 55% and 57% of B solvent for A l , A2 and A3, respectively).
Stability of carnobacteriocins A. The effects of pH, heat treatment, and selected organic solvents on the activity of purified carnobacteriocins A1 [1600 arbitrary units (AU) ml-'1, A2 (200 AU ml-'), and A3 (400 AU ml-l) were determined. Samples were suspended in the following buffers: pH 1.0 and 3-0 glycine/HCl (50 mM and 30 mM, respectively), pH 5.0 in citric acid/HCl (50 mM), pH 7.0 and 9.0 in Tris buffer (50 mM) adjusted with HC1. Samples at each pH were heated in a boiling water bath for 30 min. Residual activity was determined after 2 and 24 h at each pH level and immediately after heat treatment. To test effects of organic solvents, the carnobacteriocins were suspended in 50 YO (v/v) solutions of aqueous 0.1 YO TFA with acetone, acetonitrile, ethanol, ethyl acetate, methanol and tetrahydrofuran. Lyophilized samples were also dissolved in 0.1 YO TFA, stored at 5 O C for 14 d, and checked by HPLC.
Degradation was estimated from the appearance of decomposed products and residual activity.
Determination of N-terminal amino acid sequence of carnobacteriocin A. Purified carnobacteriocins from C. piscicola LV17A were subjected to Edman degradation analysis on an automated gas-phase sequencer (Applied Biosystems model 470A) with on-line phenylthiohydantoin derivative identification by reversed-phase HPLC (Applied Biosystems model 120A).
Mass spectrometry of carnobacteriocins. All mass spectra were kindly acquired by Dr Robert B. Cody at Jeol USA (Peabody, MA) on a Jeol SX102A instrument using an electrospray interface for fast atom bombardment mass spectrometry (FAB MS) in the positive ion mode. Samples of Al, A2, and A3 obtained by HPLC purification were dissolved in 1 : 1 (v/v) aqueous methanol containing 2 % (v/v) glacial acetic acid and were analysed by direct infusion through a sample loop. Jeol software was employed to determine molecular masses from the envelopes of multiply charged peaks in the m / x spectra.
SDSPAGE.
Purified carnobacteriocin preparations were examined using 20% (w/v) polyacrylamide gels and 3 M Tris/HCl, 
Molecular cloning of carnobacteriocin A gene(s).
Plasmid DNA from C. piscicola LV17A was digested with a range of restriction enzymes that have unique restriction sites within the multiple cloning site (MCS) of pUCl18. A 2.4 kb EcoRI fragment that hybridized with the carnobacteriocin probe (RWO1) was cloned into pUC118 and screened by colony blot hybridization for successful clones. Plasmid DNA from Bac' clones was digested with EcoRI and the 2.4 kb EcoRI insert was eluted from the gel using a one-step method for isolation of DNA fragments (Heery et al., 1990) and cloned into the MCS of pK194 (Jobling & Holmes, 1990) . Positive pUCl18 clones were used to produce single-stranded DNA for sequencing.
Nucleotide sequencing of plasmid DNA. Single-and doublestranded DNA was sequenced by Taq DyeDeoxy Cycle sequencing on an Applied Biosystems 373A sequencer. Singlestranded DNA was sequenced from the pUC118 clone (pRW5.9U) using specific sequence oligonucleotides and the universal primer of pUCl18. The complementary strand was sequenced in the double-stranded form using the pK194 clone (pRW4.4K) as the sequencing template. Single-stranded DNA was produced by infecting the E . coli clone containing the pUC118 clone with M13K07 helper phage and incubating at 37 "C with rotary shaking (200 r.p.m.) for 75 min. Kanamycin (Km) was then added to give a final concentration of 75 pg ml-' and incubation was continued for 18 h. Supernatant containing the progeny phage was harvested by polyethylene glycol precipitation (Applied Biosystems Instruments recommended procedures). Large-scale preparation of single-stranded DNA was done by 50 x scaling up of the same procedure. Opposite orientation nucleotide sequencing of the 2.4 kb EcoRI fragment was tested on existing positive clones. Opposite orientations were attempted by cutting the clone of pRW5.9U and religating the pool of fragments.
RESULTS

Purification and stability of A carnobacteriocins
Carnobacteria do n o t g r o w well below pH 5.0 and do not produce bacteriocin below pH 5.5 (Ahn & Stiles, 1990a) . F r o m the data in Fig. 1 it can be seen that with the pH held constant at 6.0 the greatest amount of bacteriocin activity was detected between 9 and 18 h of incubation at 25 "C. The bacteriocin is unstable and activity decreases rapidly during further incubation. Using the culture supernatant of C. piscicola LV17A grown at pH 6.5 for 18 h and the purification steps shown in Table 2 , a total yield of' 4.6 x lo6 arbitrary activity units (AU) determined against: C. divergens LV13 was obtained. A total of 1.9 x lo6 AU (41 'A) was recovered after purification by reversed-phase HPLC. Following this isolation protocol three extracellular active peptides were observed (Fig. 2) and separated by HPLC. The major product, carnobacteriociii A3, was separated with a yield of about 800 pg from 2 litres of culture broth. Carnobacteriocin A2 was obtained with a lower yield of 500 l g , whereas A1 proved to be a mixture of degradation products. Carnobacteriocins A1 and A2 also displayed lower specific activities. Gel electrophoresis indicated molecular masses of approximately 4000 Da (Fig. 3) . Although partially purified carnobacteriocins A decomposed rapidly (possibly due to proteolysis), pure lyophilized samples of carnobacteriocins A2 and A3 showed no decrease in biological activity and gave clean mass spectra after storage for several months at 4 "C (Fig. 4) . All three bacteriocins were unstable in solution for an extended period of time. During storage at 5 "C for 14 d in 0.1 % TFA, A1 was completely degraded, A2 was the most stable, with 80% of its activity remaining, and A3 retained only 10 YO of its activity. None of the degradation products isolated by HPLC showed biological activity against C. divergens LV13 (data not shown). Data in Table 3 show that carnobacteriocin A1 is relatively heat stable (100 "C for 30 min) compared with A2 and A3. The carnobacteriocins were most stable at pH 1.0 and stability generally decreased with increase in pH. They were stable in the organic solvents tested; in fact enhanced activity was noted in some cases after 24 h of storage in the solvents. Although the reason for this enhanced activity is uncertain, it may be due to the increase in the population of an active conformation in the distribution of possible three-dimensional structures caused by the interaction of the lipophilic peptide with organic solvents.
The ratios between the different bacteriocins during growth of the producer strain at 25 "C at pH 6.5 are Table 3 . Effect of pH, temperature and organic solvents (1 : 1 mixtures with 0.1 % TFA) on the antimicrobial activity (AU ml-l) of the purified carnobacteriocins A l , A2 and A3
A1 A 2 A3
Temp. "C ... shown in Table 4 . At the end of the exponential phase of growth the ratios of A1 : A2: A3 were 4: 1 : 1 ; this changed to 8: 1 : 1 after another 18 h of incubation; and after a further 26 h, only A1 could be detected. This is unlike the stability observed with the purified bacteriocins SIISpended in 0.1 % TFA.
Characterization of carnobacteriocins A
Mass spectral analysis using positive ion fast atom bombardment with an electrospray interface gave multiply charged molecular ions (Fig. 4) amino acids, the accuracy of identification decreased due to background peaks that resulted in a lower confidence level for the identification of the amino acid sequence. The amino acid analyses of the A2 and A3 bacteriocins are given in Table 5 . These amino acid analyses agree with the subsequent results derived from the nucleotide sequence data, except for the failure to detect proline for A2.
Isolation of carnobacteriocin A structural gene
Plasmid DNA (pCP49 and pCP17) was isolated from C. piscicola LV17A and LV17A. 17 and digested with restriction enzymes compatible with the multiple cloning site of pUC118 (Fig. 5) . A degenerate 23-mer oligo- nucleotide (RWO1) probe was derived from the identical sequence of amino acid residues 5 to 12 of the N-terminus of all three bacteriocins. Hybridization was observed with a 2.4 kb EcoRI fragment. No other hybridization signal was observed in the remaining EcoRI fragments of pCP49 or when the probe was hybridized with the genomic DNA and pCP40, another native plasmid contained in the wild-type strain of C. pzscicola LV17 (Ahn & Stiles, 1990b) . Shotgun cloning of an EcoRI restriction digest of pCP17 into the EcoRI site of pUCl18 was performed and colonies were screened using alpha complementation. Colony blots were done to screen the white colonies for the correct insert. The positive clones were digested, Southern transferred and hybridized with the degenerate probe RWOl to confirm the presence of the carnobacteriocin gene(s).
Nucleotide sequence of the carnobacteriocin A structural gene
The nucleotide sequence of a 1.4 kb segment of the 2.4 kb EcoRI fragment of pCP17 is shown in Fig. 6 . Analysis of this sequence revealed the presence of only one open reading frame (ORF) with a probable promoter site. The N-terminal amino acid sequences of carnobacteriocins A2 and A3 matched the sequence derived from nucleotide sequencing. These data indicate that residue 16 in carnobacteriocin A1 is actually serine, as determined by Edman degradation analyses for carnobacteriocins A2 and A3. The first amino acid of the N-terminal sequence matches with the nineteenth amino acid derived from the nucleic acid sequence, so that the prepeptide contains 71 amino acids and is comprised of an N-terminal extension consisting of 18 amino acids and the bacteriocin consisting of 53 amino acids. The probable ribosome-binding site (AGGAG) for the carnobacteriocin A (cbnA) structural gene has the optimal spacing of 9 bases upstream of the initiation codon (coordinate 319). A likely -10 promoter region (TAGAAT) has been identified at position 287 with a TG sequence one nucleotide ahead of the -10 region. Upstream of the -10 region is a potential -35 region located at base pair 262. Downstream of the structural gene there is an 11 base inverted repeat with a 7 base loop that is a potential rho-independent terminator. No significant second ORF was observed in the remaining 800 bases of the 2.4 kb fragment (see Fig. 6 ) and a total of 65 stop codons is present across the three possible reading frames. The ends of the 2.4 kb EcoRI fragment were identified by the EcoRI sites at each end of the fragment, along with the remainder of the M13/pUC multiple cloning site.
DISCUSSION
The technique for isolation of leucocin A-UAL 187 reported by Sailer et al. (1993) worked well for the purification of bacteriocins from C. piscicola LV17A. Three peaks (Al, A2 and A3) which had activity against the indicator strain were separated by HPLC. This suggests either that three different bacteriocins are independently produced by de now protein synthesis, or that subsequent post-translational or chemical modifications of one or more bacteriocins occurs. N-terminal amino acid sequencing of the active substances revealed that at least the first 15 amino acids were identical in each of the three peptides. This result indicates that there is only one parent antibacterial compound (carnobacteriocin A) directly generated from a single structural gene, and that this peptide is subsequently post-translationally transformed to other active derivatives. This was confirmed by experiments with the 23-mer oligonucleotide probe which hybridized with a single restriction fragment. Initial mass spectra for the three compounds isolated by HPLC were ambiguous (not reported) because of relatively rapid decomposition of the samples to complex mixtures. Subsequently, more rigorous HPLC purification gave stable samples that afforded clean fast atom bombardment electrospray mass spectra for compounds A2 and A3, and showed that A1 was still an apparently inseparable mixture resulting from degradation at the C-terminal end of the parent bacteriocin. Despite difficulties with stability of purified carnobacteriocin A, as many as 16 to 28 amino acids were determined in the N-terminal sequence for all three compounds. Detection of a single structural gene cbnA on the plasmid pCP49 coding for a serine residue at position 16 of the N-terminal amino acid sequence confirmed that carnobacteriocins A2 and A3 are products of the same gene. The possibility of the structural gene for carnobacteriocin A1 being on the chromosome was excluded by hybridizing the carnobacteriocin probe with the chromosomal DNA. It was concluded that carnobacteriocins Al, A2 and A3 have only one structural gene and that initial tentative identification of valine at position 16 of carnobacteriocin A1 resulted from difficulty in interpretation of the Edman degradation data of this apparently inseparable peptide mixture.
Production of more than one bacteriocin by a single organism is not unique. In the case of C. piscicola LV17,
Ahn & Stiles (1 992) demonstrated that bacteriocin production was mediated by different plasmids. In the case of lactococcins A, M (van Belkum e t al., 1991, 1992) all three bacteriocins were shown to be produced by a 60 kb plasmid in L. lactis subsp. cremoris 9B4. Of interest for further study in C. piscicola LV17 is the fact that carnobacteriocins A and B are detected early and late in the growth cycle, respectively. It is not clear whether an ' early ' bacteriocin, such as carnobacteriocin A or leucocin A-UAL187 (Ahn & Stiles, 1992; Hastings e t al., 1991) is attributable to production of highly active compounds that are detected early in the growth cycle, to differences in copy number of the plasmids promoting higher production, or whether there is genetic control that determines time of production relative to stage of the growth cycle.
Production of lactococcin A by Lactococctrs lactis subsp. lactis biovar. diaceplactir WM4 is controlled by a cluster of four genes contained within a 5 kb fragment of plasmid
